The statistical properties of laser speckle with partially coherent light are related to the scattering characteristics of an optically diffuse material. A diffusion equation model is shown to yield a speckle contrast ratio that agrees well with measurements of opaque plastics of varying thicknesses. We show that partially coherent light can be used to determine material parameters for highly scattering media. Measured data for stratified materials with differing scattering properties indicate that this technique may be useful in detecting inhomogeneities.
Introduction
Optical imaging within or through scattering media is important in many remote sensing applications. In a heavily scattering medium, where the diffusion equation describes photon propagation, geometric information of embedded objects is not evident in the optical image. This diffusive regime is particularly pertinent to applications such as soft tissue imaging. [1] [2] [3] In this paper we propose and demonstrate the use of a speckle measurement with partially coherent light to determine either the scattering parameters or the thickness of a highly scattering time-invariant medium. We also perform experiments demonstrating that the speckle contrast ratio can be used to distinguish between different diffusive materials and combinations of these materials. We show results consistent with a model based on the photon diffusion equation.
The coherence properties of laser speckle have been studied previously for applications in imaging correlography, where it is desired to determine the separation of objects within the atmosphere. 4 In the biomedical field, speckle has been used to diagnose disease in thin, lightly scattering slices ͑20 -40 m͒ of skin tissue. 5 In the heavily scattering regime ͑such as in thick samples of tissue͒, the approach when either the background or the object is in motion has been to use a correlation 6, 7 or a difference 8, 9 in speckle patterns to give a time-resolved image. For static samples, Genack has shown an empirical relation between the intensity autocorrelation and sample thickness when the frequency of a laser line is changed by as much as 30 GHz. 10 The measurement was performed over a domain approximately the size of a speckle spot. The temporal intensity autocorrelation, also measured over a small spot approximately the size of one coherence area, has been related to the solution of the diffusion equation through a path-length distribution by Bellini et al. 11 The work of Genack and Bellini et al. suggests that the coherence properties of light can be used to characterize the optical properties of a highly scattering medium, a concept that is expanded on here.
A measure typically used to describe the degree of coherence of laser speckle is the intensity contrast ratio ͑ I ͞ I ͒, where I is the standard deviation and I is the ensemble average of intensity over the speckle pattern. In a situation where the light is perfectly coherent, the speckle contrast maintains a value of 1, provided there is sufficient scatter for fully developed statistics. With high scatter the real and the imaginary components of the field at each point have a Gaussian probability density with zero mean. If the field magnitude and phase random variables are assumed independent, the intensity probability density function for monochromatic speckle is negative exponential. The top left of Fig. 1 shows a sketch of intensity as a function of position for a speckle pattern with perfectly coherent light. At the top right of Fig. 1 is the corresponding negative exponential intensity probability density for the per-fectly coherent case. If the light is partially coherent, the speckle contrast can have a value somewhere between 0 and 1, depending on the coherence of the source and the degree of scatter experienced by the light, 12, 13 as illustrated in the middle of Fig. 1 . Finally, as the medium thickness or the density of scatter increases, the speckle eventually washes out and, in the ideal limit, becomes the mean value of intensity, as depicted at the bottom of Fig. 1 .
Speckle contrast measurements have previously been applied for characterization of surface roughness. 13 In this paper it is demonstrated for the first time to our knowledge that speckle contrast measurements can be used to characterize static, thick scattering media whose behavior follows the photon diffusion equation. To achieve greatest effectiveness, we require that the spread in photon travel times through the medium ͑͒, which we define as the standard deviation of the arrival time at the output ͑image͒ planes ͑ t ͒, be of the same order as the coherence time of the source ͑ c ͒. For Ͻ Ͻ c , the contrast approaches 1 ͑perfectly coherent case͒, and for Ͼ Ͼ c , the contrast tends toward 0 ͑incoherent case͒. This means that for our experiments involving highly scattering media with centimeter thicknesses and spreads in photon travel times of hundreds of picoseconds, we can use a simple helium-neon laser with a linewidth of approximately 1 GHz, whereas surface roughness measurements typically employ wideband sources with femtosecond correlation times.
The speckle statistical theory for transmission through diffuse media is developed as an extension of the approach that has been used to represent the case of scattering from a rough surface. The concept of scattering path length is introduced in lieu of surface height variation, where the distribution of path lengths is obtained by employing the Green's function for the diffusion equation. Experimental results for contrast ratio as a function of material thickness then yield the mean optical scattering and absorption parameters for the medium by fitting the path-length density function in an expression derived for I ͞ I .
Theory
When the observation time is large relative to the coherence time of the light, the mean, I ϭ ͗I͘, and variance, I 2 ϭ ͗I 2 ͘ Ϫ ͗I͘ 2 , of the intensity of light having finite bandwidth can be expressed as 13
where
, ͒ is the normalized spectral amplitude of the scalar ͑electric or magnetic͒ field at image position ͑ x i , y i ͒ at wavelength , S͑͒ is the incident power density at wavelength from the source, and ͗ . . . ͘ is the expected value. In Eq. ͑1͒ and arriving at Eq. ͑2͒ we assume, by the central limit theorem, that U n ͑ x i , y i , ͒ is a complex Gaussian process. 12, 13 This implies fully developed statistics, or a sufficiently scattering medium, where the standard deviation in the path length ͑ l ͒ is greater than the maximum wavelength ͑ max ͒. We assume that the real and imaginary components of the field, or the magnitude and phase, are independent or uncorrelated random variables, also as a consequence of significant scatter. With a sufficiently small image area centered at ͑ x i , y i ͒, the mean and variance are invariant over the image spot domain and are represented by the constants I and I
2
, respectively. The field at the detector plane is that at the image point convolved with the deterministic point-spread function for the imaging optics. This point-spread function will scale both I and I by the same constant.
The field at each point at the output of a scattering medium can be represented as a superposition of ran- dom phasors. Each random phasor can be considered as representing a random photon path through the medium, as depicted in Fig. 2 . For a given source illumination,
where U j ͑ x i , y i , ͒ describes the weighting for the random path j, L j ͑ x i , y i ͒ represents the length of the j th random path, and M is a significantly large number of contributing fields. If the photon is not absorbed in the medium, it undergoes only scattering events and exits the medium. Therefore, for a uniform illumination field over a finite aperture, the magnitude of each complex number in the summation of Eq. ͑3͒ has the same weighting, or U j ϭ U 0 , a constant; the problem can be scaled such that U 0 ϭ 1. The sum in Eq. ͑3͒ is over those photons that exit the medium, i.e., those that undergo scattering events but no absorption event. If a photon is absorbed in the medium, it is not included in the summation, and it does not contribute to the speckle image. The number of scattered and absorbed photons are dictated by the parameters of the diffuse material. This information is conveyed by the probability density function for the path length. Assume that for partially coherent light the optical parameters of the scattering material can be considered independent of wavelength. The variation of U j with is therefore dictated by the spectrum of the excitation light. Within the image spot centered at ͑ x i , y i ͒ the summation in Eq. ͑3͒ can be written as
where l is the path-length random variable and U m is the field-magnitude random variable. U m has a Rayleigh density function and the phase 2l͞ ϭ ͑͒ is uniformly distributed when l Ͼ Ͼ , which is the case for the diffuse materials of interest.
With an image spot on the output surface of a diffuse material that is small relative to the spatial variation of ͗I͑ x i , y i , ͒͘ and scattering in the medium that is independent of wavelength, set ͗I n ͑ x i , y i , ͒͘ ϭ I 0 , a constant. With a large image spot, a model describing this spatial variation would be needed; the model proposed herein can be modified for this purpose. For far-field imaging, the Fraunhofer approximation can be used to describe the relationship between the field at the output of the scattering medium and the imaged quantity.
The size of the speckle is related to the imaging optical aperture. The speckle size should be modified to achieve adequate resolution with the detector. For example, the pixel size in an imaging CCD camera should be small relative to the speckle size. We also assume that there is a sufficient amount of speckle within the small image domain for adequate statistics to be formed.
The magnitude, U m ͑͒, and phase, ͑͒, have been assumed to be independent random variables at each point in the image plane as a consequence of the large degree of scatter. The speckle properties are dictated by the field autocorrelation at each image point
Within the small image spot, the mean intensity from Eq. ͑1͒ becomes
The normalized field probability density is
where the normalized intensity random variable I n
1͞2
is not a function of . The expected value of the second moment of U m ͑͒ becomes
The normalized field autocorrelation, ⌫ U ϭ ͗U n ͑͒U n *͑Ј͒͘, can then be written as
As ͗I n ͘ ϭ I 0 ,
When Eq. ͑9͒ is substituted into Eq. ͑2͒ and Eq. ͑5͒ is used, the speckle contrast ͑ I ͞ I ͒ becomes
The evaluation of the expected value in Eq. ͑10͒ requires the probability density function for the path lengths through the medium, p͑l ͒. Even though l ͞ is large, so that monochromatic light has a uniform phase density, the quantity l͑1͞ Ϫ 1͞Ј͒ captures the profile of p͑l ͒ because l and ͑1͞ Ϫ 1͞Ј͒ are of the same order.
To predict speckle statistics, a relation between the path length of photons emerging from the medium, l͑ x s , y s ; x i , y i ͒ in Eq. ͑10͒, and the physical scattering and absorption within the medium is needed. For the materials considered, the mean-free path is small relative to the thickness, and the attenuation is low. Therefore the time-domain diffusion equation can be used to give a suitable representation for the distribution of travel times ͑for the light envelope͒ at a particular image location
where c is the speed of light between scattering events, ⌽͑ x, y, z, t͒ is the radiative flux ͑sometimes referred to as photon fluence rate͒ in watts per square centimeter at position ͑ x, y, z͒ at time t, Q͑ x, y, z, t͒ is the source ͑watts per cubic centimeter͒, and D is the diffusion coefficient ͑centimeters͒. The diffusion coefficient is given by
where a is the linear absorption coefficient ͑per centimeter͒, s is the linear scattering coefficient ͑per centimeter͒, and g is the mean cosine of the scattering angle. The mean-free path between scattering events is z 0 ϭ 3D ͑centimeters͒. The homogeneous Green's function for Eq. ͑11͒, with Q͑ x, y, z, t͒ ϭ ␦͑0, 0, 0, 0͒, is
Note that the correct units for ⌽ result when the weighting for the point source in joules is factored into Eq. ͑13͒. For a slab geometry of thickness d, a partially reflecting boundary condition can be obtained by setting ⌽ ϭ 0 on an extrapolated boundary. 14 The ⌽ ϭ 0 condition on the extrapolated boundary z b ϭ 2 AD from the input and output faces can be achieved by introducing dipole image sources, 1 as shown in Fig. 3 . A dipole is defined as two point sources separated by 2z 0 and driven 180°out of phase. The unitless parameter A is defined as
where r d is the reflection coefficient, defined as
Here n is the normalized refractive index of the slab, n ϭ n 1 ͞n 2 , where n 1 is within the medium and n 2 is the index of the background ͑assumed air for these experiments͒. The form for Eq. ͑15͒ was determined by Egan, 15 using a curve fitted to data presented by Orchard, 16 which related the diffuse reflectance of a slab against the index of the composed material. We have verified the form of Eq. ͑15͒ by performing our own independent curve fit to the Orchard data. The slab is assumed to have infinite width. To employ Green's functions for a homogeneous domain, we introduce image sources as dipoles located at z d ϭ 2qd ϩ ͑4q Ϫ 1͒z b Ϯ z 0 , where z 0 ϭ 3D ͑one transport mean-free path͒, d is the slab thickness, and q is an integer. In the example presented here, the infinite set of image sources is truncated to four dipoles, corresponding to q ϭ ͕Ϫ1, 0, 1, 2͖ 1 . The influence of a damps the signal from sources of larger q value at the physical slab boundaries, resulting in a negligible contribution from these sources. The photon fluence rate for the slab medium, ⌽ s , represented as due to four dipoles in an infinite homogeneous domain, is
The measured transmitted light corresponds to the output photon current density, T͑ x, y, d, t͒ in watts per square centimeter, which can be expressed with Fick's law as
where ẑ is the unit vector in the positive direction and the light is incident upon the slab from the negative z direction. The intensity distribution as a function of time at position ͑ x, y͒ on the output plane can be determined by normalizing Eq. ͑17͒ over time:
The function f ͑t͒ in Eq. ͑18͒ gives a density for the number of photons exiting the medium as a function of time. As a measure of the probability density function for l, we set
with c ϭ c 0 ͞n, where n is the refractive index of the background medium in which the scattering centers are suspended and c 0 is the speed of light in vacuum. Note that f ͑t͒ is a function of a and s , so it provides the distribution of the output optical intensity, ac- counting for those photons that have undergone absorption events. In the case of complex geometries, this probability density of photon travel times can be solved for numerically. The characteristic function in Eq. ͑10͒ can now be expressed as
clearly showing dependence on the path length in the medium, l, and the coherence length of the light, l c ϳ 2 ͑͞⌬͒, where ⌬ is the bandwidth. With a change of variable, Eq. ͑20͒ can be considered the singlesided Fourier transform of p͑l ͒.
Experiment
Experiments were performed to verify contrast dependence on diffuse media by placing sheets of various plastics at the image plane of an Optronics TEC-470 CCD camera setup, as shown in Fig. 4 . A spatially filtered and collimated 30-mW, cw He-Ne laser running at 632.8 nm was used as the illumination source. Experiments were performed with minimal ambient light. A polarizing filter was placed before the CCD camera to increase the contrast of the detected signal. The speckle size was determined by the 3-mm aperture in the output screen, the size of which gave an adequate speckle size for both the resolution and the generation of statistics. The CCD camera ͑with 640 ϫ 480 pixels͒ was set to integrate for 30 s, and the signal was transferred to a PC with an 8-bit frame grabber card for statistical data analysis. The image spot size was approximately 1 mm square. All experiments were performed with the CCD aligned with the excitation laser beam, so that x ϭ y ϭ 0 in Eq. ͑17͒. Figure 5 shows example snapshots of speckle patterns measured with this system for two different plastic thicknesses. From the two snapshots, it becomes apparent that the thicker medium shows evidence of the speckle pattern becoming less distinct, or washed out.
The polarizer was used in the system to remove orthogonally ͑to the incident-laser signal͒ polarized components. The medium had sufficient scatter and was thick enough that the polarization of the light exiting the medium was assumed random. This was experimentally verified by recording speckle patterns with the polarizer set parallel and perpendicular to the incident light. The results for the material thicknesses used show equivalent speckle statistics for both polarizations; i.e., in the diffuse regime where d Ͼ Ͼ z 0 , we expect complete depolarization. The experiment would be equally valid if the polarizer were removed and the resulting speckle pattern considered the incoherent superposition of the parallel and perpendicular polarization components.
The first set of measurements was performed to establish a relationship between material thickness and speckle contrast. Different thicknesses of a highly diffuse white acrylic, Acrylite 0152 by Cyro Industries, were characterized. The various thicknesses were achieved by clamping together several 18 cm ϫ 18 cm sheets of 0.6-cm-thick material. All sheets came from the same stock to ensure uniform scattering parameters. Figure 6 shows a plot of the measured speckle contrast versus acrylic thickness for several independent ͑dismantle and reassembly͒ measurements. An approximate theoretical fit to the speckle contrast data from a least-squares fit to Eq. ͑10͒ and Eq. ͑19͒ is shown as the dashed curve in Fig. 4 . Diagram of the speckle imaging system. The system images a 1-mm-square spot from the back side of the scattering medium onto the CCD array. . Figure 6 also shows a plot ͑dotted-dashed curve͒ of the standard deviation in photon arrival times ͑ ϭ t ͒ normalized to the coherence time of the laser ͑ c ͒. This normalized characteristic time is calculated with the diffusion equation model and our best fit for a and s Ј, as given above, used to compute . The FWHM lasing bandwidth of the laser was measured to be approximately ⌬ ϭ 900 MHz, with a mode spacing of 161 MHz. This results in a free-space coherence length of approximately 22.1 cm ͑14.85 cm in the plastic͒, calculated with c ϭ 0.664͞⌬, which assumes a Gaussian spectral profile. 17 In the simulation the power spectrum was modeled as a pure Gaussian function. For our range of thicknesses ͞ c varies from approximately 0.5 to 3.5, consistent with our premise that the speckle contrast is most sensitive to variations in scattering when ͞ c is of the order of unity.
Example measured histograms of speckle intensity for each thickness are shown in Fig. 7 . As can be seen in the histograms, I decreases with increasing plastic thickness. Note that the mean intensity values were maintained nearly the same for all thicknesses. The absolute pixel intensity scale is not significant, as it is a result of the linearization process (see Section 4) . Figure 8 shows example path-length probability density functions determined using Eq. ͑19͒ with Eqs. ͑16͒-͑18͒ for different thicknesses of the acrylic. As expected, the thicker the medium, the larger the spread in photon arrival times or path length ͑ or l ͒.
To confirm our approach, we compared our results with values for the scattering parameters for this material derived by another method, in which the intensity decay across the surface was measured and fitted to the diffusion equation Green's function solution for a homogeneous domain. 18 These measurements yielded s Ј Ϸ 15 cm Ϫ1 and a Ϸ 0.05 cm
Ϫ1
, with an uncertainty that was estimated to be upwards of 50%. We believe the differences between these scattering parameters and those derived by the speckle method are within the experimental uncertainties of the two techniques. Some of the discrepancy may be attributed to the treatment of the boundary conditions in the diffusion equation modeling. As discussed above, our analysis used a series of four dipole image sources to approximate extrapolated ⌽ ϭ 0 boundary conditions, rather than a less accurate homogeneous domain model. 18 In addition, the Acrylite-air and air-Acrylite interfaces between the various sheets cause the measured parameters for the stratified sample to differ to some degree from those for a single material layer of the same total thickness. The interfaces introduce reflections that likely increase the path length of obliquely-incident photons, thereby resulting in a larger s Ј than would be achieved with a single layer.
An additional experiment was performed to illustrate sensitivity to a material hidden within another diffuse material. Two 0.6-cm-thick white acrylic sheets were placed in the center of two pieces of a light white plastic, Plexiglas 2447 by AtoHaaf, each 1.2 cm thick. The scattering parameters of the white Plexiglas were measured to be 18 a ϭ 0.02 cm Ϫ1 and s Ј ϭ 7.5 cm
, signifying that the white Plexiglas is less scattering than the white acrylic. The result resembles a plastic sandwich, as shown in column one of Table 1 . Speckle contrast is compared with data taken when the center acrylic material is replaced by the white Plexiglas, also 1.2 cm thick ͑thus making a homogeneous sample͒ and a clear acrylic ͑no scattering medium in the center͒ in Table 1 . As expected, the maximum speckle contrast was achieved when the light experienced the least amount of scatter ͑clear acrylic in the center͒ and decreased with increasing scatter in the center material.
Discussion
Transmission measurements were performed on plastics of differing thickness and composition by the clamping together of a number of sheets. Reflections occur at these interfaces, resulting in a slightly different contrast ratio from that which would be obtained from a single piece of material. There are two competing effects. Fresnel reflections for obliquely incident photons on the plastic-air interface cause these photons to travel farther before they reach the image spot than they would in a single sheet of the same total thickness. This causes the contrast ratio to be lower for the stratified material. However, the Fresnelreflected photons may be absorbed, or they may escape from a different surface region than they would have in the single-layer case. In this latter case the photons that are more normally incident on the interfaces ͑those that have on average undergone less scatter͒ dominate at the image spot. This increases the measured contrast ratio at the image spot. As the a is low for the plastics used, the former effect should dominate, serving to reduce the contrast ratio for the stratified material and hence increase the extracted s Ј over that for a single slab. An index-matching gel was tried, but flow over the measurement time window washed out the speckle. Ideally, plastics of the appropriate thickness should be used.
The diffusion equation has been used to determine a relationship for the probability density function for photon travel distances through the medium. The diffusion equation, as an approximation of the Bolt- Fig. 8 . Probability density functions for photon path lengths, p͑l ͒, through three thicknesses of the Acrylite material ͑0.6, 1.8, and 3.6 cm͒, calculated using s Ј ϭ 41 cm Ϫ1 and a ϭ 0.005 cm
Ϫ1
. As the material increases in thickness, l increases. Calculated by performing a standard deviation of the photon probability density, p͑l ͒.
zmann transport equation, treats the photons as particles. Therefore coherent wave interactions at the optical wavelength cannot be treated directly. However, we assume that the diffusion equation time envelope solution at a point in space, the image point, describes the light passing through the material. The thickness of the material should be greater than ϳ3 mean-free paths ͑3z 0 ͒ for the diffusion equation to hold. The fields at the output of the material can be considered as a superposition of a ballistic component and a scattered component. The material thickness is considered large enough ͑i.e., there are a sufficient number of scattering centers͒ that the ballistic field can be ignored. The diffusion equation is used to model the heavily scattered field. Views of the speckle patterns for the experiments performed qualitatively support this contention, and the performance of the model presented here in predicting the speckle statistics offers quantitative support. The diffusion equation is used to describe the statistical nature of the imaged intensity; it clearly does not model the actual field structure for a source having a moderately high coherence. As the source coherence decreases, the diffusion equation has been shown to be a good model for the space and time dependence of the light transmitted through a highly scattering medium. 2 Consider the use of speckle statistics to characterize a static highly scattering medium, as presented here, in contrast to other optical diffusion imaging approaches that have been explored. 1, 2 The term "diffusion" relates to the high degree of scatter in the medium and hence the applicability of a diffusion equation model to describe the spatial and temporal light envelope for light of low coherence or with local spatial averaging such that the coherent field variation ͑or speckle͒ is not detected. The same diffusion equation model is used here to relate the material properties to the measured speckle contrast ratio. The approach that has been used previously in diffusion imaging is to cw modulate a source ͑say, a lightemitting diode͒ and make a coherent ͑magnitude and phase͒ detection at the modulation frequency. 1, 2 Scanning the source and detector with a single modulation frequency can yield imaging data. For a homogeneous material the variation of the magnitude and phase of the detected signal as a function of detector position, with a fixed source, can be used to determine a and s for the material by means of optimization techniques. The speckle measurements used a partially coherent cw source and provided only magnitude data in the form of I ͞ I at a small image spot on the output face of the material. Using the speckle technique presented here, one can obtain the material parameters by scanning the image spot over the output face of the material with a fixed source location, thereby obtaining the contrast ratio as a function of scan position, or by fixing the image spot and varying the material thickness ͑as was done to produce the theoretical curve to fit the measured I ͞ I in Fig. 6͒ . To prevent contrast reduction with a dynamic medium, time-gated measurements of speckle could be made and the coherence of the light could be controlled by modification of the temporal characteristic. It is interesting to note that contrast in the previous photon diffusion imaging techniques 1,2 depends on the variance of photon travel times relative to the rf modulation frequency, whereas in the current speckle technique contrast depends on the variance in photon travel times relative to the laser coherence time.
The CCD camera used in these experiments exhibited a nonlinear response to intensity, meaning that the relationship between the pixel readings and the optical intensity was nonlinear. To compensate for this nonlinearity, a measured calibration curve of pixel reading as a function of optical intensity was obtained using a series of neutral-density filters. This calibration curve was mapped mathematically to a straight line. Each pixel reading in the measured response therefore had a corresponding linearized intensity; the nonlinear response for the camera was applied to each pixel response. This linearized intensity value for each pixel was used to perform the statistics. With the He-Ne laser and the image spot size used, the CCD required a 30-s integration time. The integration time could be reduced if the laser power were increased or if a more sensitive camera were used. Vibrations cause a washing out of the speckle, i.e., a reduction in the contrast ratio. The optical components were securely mounted on an optical bench to minimize vibrational effects on the measured optical statistics.
The speckle statistics were determined by use of the complete CCD image, which, because of the imaging optics, represents an image spot size at the output surface of the plastic of ϳ1 mm square. The diffusion equation solution for output photon current is slowly varying relative to the image spot size; assumptions of a uniform mean over the image spot at the output of the plastics is accurate for the thick, highly scattering materials used. As an image is formed, it is assumed that the speckle statistics are stationary, or independent of position over the CCD. The point-spread function for the imaging system, convolved with the image field at the output of the diffuse material, gives the true field being imaged. The statistics of the speckle ͑the correlation of the field͒ are in general nonstationary, as would be the case for far-field imaging.
The size of the speckle is dictated by the output beam size or limiting aperture. The speckle contrast is determined by the coherence of the light and the scattering properties of the material. Consider light of fixed coherence, as in the experiments presented here. As the limiting aperture in the output imaging system of Fig. 4 is reduced, the speckle size increases. One can equivalently view this as reducing a limiting aperture or reducing the angular spread of photons exiting the scattering medium that are imaged. With a fixed limiting aperture size, increased scatter reduces the contrast ratio. The contrast ratio also reduces with increasing ͑large͒ beam size incident on the diffuse plastic.
With sufficiently small material thickness ͑d͒ or scattering coefficient ͑ s Ј͒, the diffusion equation model ceases to be valid, necessitating an alternate physical representation. This regime is frequently considered to be d Ͻ 3z 0 . It may also be necessary to consider the correlation between the real and the imaginary field statistics: these fields were considered independent and Gaussian in the model presented here. The speckle data would also be expected to be polarization sensitive, and, in fact, co-polarized and cross-polarized measurements should provide useful characterization data. In constructing the model for the mean and variance of the speckle intensity at an image point, the first and second moment of the first-order statistics were used, where first order refers to moments evaluated at a single point in space. This was justified because of the slowly varying nature of the first moment or mean over the output surface of the diffuse material. The field correlation, as a function of position and wavelength, is determined by the laser coherence and the path-length density function p͑l ͒. By measuring the intensity probability density function as a function of thickness ͑or position͒, we generate first-order statistics for the intensity as a function of position. It is the spatial dependence of these first-order statistics that is used to evaluate a and s Ј for a material through p͑l ͒. One could consider using the measured statistics as a function of position with models other than path length derived from the diffusion equation.
Conclusion
We have shown that measurements of the speckle contrast as a function of material thickness can be related to a diffusion equation model. Our work suggests that when the laser coherence time is of the order of the spread in photon travel time, speckle contrast can be used to determine the scattering parameters of a material of known thickness or the thickness of a medium with known scattering parameters. Our data also demonstrate that speckle contrast measurements can yield information about the interior structure of scattering samples, potentially leading to a new method of imaging within scattering media.
